Partial Mn atoms have been confirmed to enter the CuO lattice and form the Cu 1−x Mn x O compounds in the case of doping with 0≤x≤0.2 by the sol-gel method. With increasing Mn content, magnetism is observed. The magnetic critical transition temperature increases with enhanced magnetism, which obeys the bound magnetic polaron theory. The electronic transportation shows an insulating behavior as the band-gap decreases. Our results may indicate that CuO may be used as a candidate of magnetic semiconductor.
Introduction
The origin of ferromagnetism in semiconductors is one of the most important issues for physics of magnetism [1] [2] [3] and device applications at present [4, 5] . Since Dietl et al. [6] found that the magnetic properties for semiconductors could be affected by carriers and doping, great effort has been devoted. Particularly, ferromagnetism of transition metal oxides (TMOs) attracted more attention for the 3d electrons induced strong coupling among spin, charge, orbital and vibration degrees of freedom, such as Fe-doped SnO 2 [7] , (Cr, Mn and Ni)-doped ZnO [8, 9] , pure ZnO [10] , TiO 2 [11] , CeO 2 [12] , etc. In comparison to other TMOs, CuO is quite peculiar for its lower-symmetry monoclinic cell [13, 14] and exotic resemblance in structural and magnetic properties [15, 16] . Ferromagnetism (FM) has been obtained in transition-metal-doped CuO and many theoretical works have been developed to explore the origin of the FM in doped CuO system. An unconventional doubleexchange model, which is consistent with experimental results of Yang et al. [17] and Zhang et al. [18] , was proposed by Filippetti et al. [19] to explain the FM in Mn-doped CuO. However, high carrier density is required in the double-exchange model while several studies reported FM in samples with low carrier density [20, 21] . Furthermore, some groups reported room temperature FM in un-doped CuO nanostructures [22] [23] [24] [25] 2 ] in de-ionized water. Thereafter, citric acid was added to the solution. The solution was stirred for 3 h at 75 1C. Afterward, ethylene glycol was added to the resulting solution which is to be stirred until it transforms into gel. The gel is dried in air for 20 h and then ground for 30 min before annealing. The as-prepared powder is annealed at 500 1C in air for 1 h and then formed into pellets by sintering at 400 1C in air for 6 h.
The structure of the Cu 1−x Mn x O (x ¼0, 0.06, 0.1, and 0.2) samples is characterized at room-temperature by X-ray diffraction (XRD) performed on a Rigaku Dmax-rb in the step scanning mode with a step size of 0.021 in 2θ. The magnetization curves are measured in a commercial superconducting quantum interference device (SQUID, MPMS-XL) magnetometer. And the electric transport properties are measured by the four-point probe method. Fig. 1 shows the XRD patterns of the Cu 1−x Mn x O (x ¼0, 0.06, 0.1, and 0.2) samples. Rietveld refinements using the laboratory X-ray diffraction (XRD) data [28, 29] and synchrotron radiation data obtained in Shanghai Synchrotron Radiation Facility (SSRF) on beam line BL14B1 with the computer code of the General Structure Analysis System (GSAS) are performed. A slight amount of CuMn 2 O 4 is detected and added to the refinements. The refinement procedure is performed as reported previously [30, 31] . The space groups C12/c1 for Cu 1−x Mn x O and I4/amd for CuMn 2 O 4 fit the XRD pattern. CuO (data_16025-ICSD) and CuMn 2 O 4 (data_9812-ICSD) are used as the starting models. We set that Mn atoms substitute Cu atoms in CuO lattice. The scale factor is refined initially, and later the phase fractions; after that we use function type 5 to refine background. The lattice parameters, peak shape, preferential orientation, the atom position and Uiso of the two phases are refined separately, step by step. The collected XRD spectra, together with the refined patterns of all the samples are shown in Fig. 1(b) . The refined unit cell, atomic parameters, including the lattice constants, the bond lengths, the bond angles, the atomic position and content of the phases are summarized and listed in Table 1 . The occupancy of Mn at Cu in CuO in our samples is fitted to be 0, 0.040, 0.061, and 0.128 for Cu 1−x Mn x O with x ¼0, 0.06, 0.1, and 0.2, respectively, which is consist with the original reactants.
Results and discussions
The temperature-dependent resistivity for Cu 1−x Mn x O (x¼ 0.06, 0.1, and 0.2) is shown in Fig. 2 . As the hysteresis loop does not saturate even at 10 kOe, a large number of paramagnetic moments should coexist with the ferromagnetic moment. The coercive fields remain around 200 Oe for S1-S3. ions induces antiferromagnetism which is weak compared to the ferromagnetism. According to Durst's model [32] , the interaction between two polarons could be described as
where K is the exchange constant of the hole-ion interaction within the polaron, K′ is the exchange constant of the interaction between the hole and ion in the overlapping region, and J is the direct antiferromagnetic hole-hole exchange (J⪡K in our samples). Parameters s 1 and s 2 are the hole spins, S 1 and S 2 are the sum of the Mn ion spins in each polaron, and S 3 is the sum of Mn spins in the overlapping region. The first item in Eq. (1) represents the hole-ion interaction, which antialigns the spins of Mn ions around a hole in relation to the hole spin in a polaron. As a result, a single polaron with a large collective spin forms. In a polaron-pair system, when the two polarons have a overlapping region, the polarons interact via the indirect hole-ion-hole interaction, described by the second term in Eq. (1), which makes the both polarons antialign with the nearest Mn ions. Thus, the long-range FM coupling originates from the overlapping and interactions between two neighboring BMPs at low temperature. In an ideal model, assuming that the collective moment of the sample is along the z-axis, we suggest that
where μ Jz is the collective moment of the sample, μ Jz i is the Mn ion moment along the z-axis, μ Jz j 0 is the moment of hole, N j is the number of Mn ions in one polaron, and M is the number of the aligned polarons. Increasing hole concentration would increase the amount of BMPs; meanwhile, the enhancement of Mn 2+ ions improves the amount of Mn 2+ ions contained in the BMP system.
As a consequence, these BMPs induce stronger FM interaction through both magnetic moments and Curie-Weiss temperatures. This is quite consistent with our experiment results that magnetic moments increase with the enhancement of Mn doping.
Conclusion
Low temperature ferromagnetism (FM) has been observed in Cu 1−x Mn x O (x ¼0.06, 0.1, and 0.2) samples with T c 4 75 K. Compared to the Mn-free CuO, the FM is confirmed to be originated from Mn doping. Ferromagnetic transition temperature and the saturation moment increase with increasing Mn doping. The ferromagnetism is in excellent fit with the bound magnetic polaron mechanism. The insulating behavior in Mn-doped CuO supports the magnetic model. 
